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CentriolesThe orientation of the mitotic spindle plays a central role in specifying stem cell-renewal by enabling
interaction of the daughter cells with external cues: the daughter cell closest to the hub region is instructed to
self-renew, whereas the distal one starts to differentiate. Here, we have analyzedmale gametogenesis inDSas-
4 Drosophila mutants and we have reported that spindle alignment and asymmetric divisions are properly
executed in male germline stem cells that lack centrioles. Spermatogonial divisions also correctly proceed in
the absence of centrioles, giving rise to cysts of 16 primary spermatocytes. By contrast, abnormal meiotic
spindles assemble in primary spermatocytes. These results point to different requirements for centrioles
during male gametogenesis of Drosophila. Spindle formation during germ cell mitosis may be successfully
supported by an acentrosomal pathway that is inadequate to warrant the proper execution of meiosis.l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Centrioles are small cylindrical organelles of variable size, ranging
from 0.1 to 0.2 μm in diameter and 0.2 to 0.5 μm in length. They are
usually embedded in an electron-dense matrix, the pericentriolar
material (PCM), that performs different tasks in eukaryotic cells by
virtue of its microtubule nucleating property (Doxsey et al., 2005;
Bettencourt-Dias and Glover, 2007; Rusan and Rogers, 2009). Through
their control of centrosome organization, centrioles may have an
indirect role in cell division dynamics, and thus in bipolar spindle
formation and cleavage furrow assembly. However, centrioles are
naturally absent in female germ cells of many animal species, and
appear to be redundant in some cellular systems in which they have
been experimentally removed (Khodjakov et al., 2000; Uetake et al.,
2007; Mahoney et al., 2006). It would seem, therefore, that the cell
division program can still be executed, under certain conditions, in the
absence of centrioles. Likewise Drosophila mutant ﬂies defective for
the centrosomal components centrosomin (CNN) (Megraw et al.,
2001) and pericentrin-like (D-PLP) (Martinez-Campos et al., 2004) or
lacking the centriole duplication protein DSAS-4 (Basto et al., 2006)
are viable. However, embryos of these zygotic late mutants fail to
develop in the absence of functional centrosomes. In Drosophila, there
is a tissue-speciﬁc diversity for the requirement of centrioles/
centrosomes in cell division (Rodrigues-Martins et al., 2008). Female
gametogenesis (Stevens et al., 2007), neuroblast division and somaticmitosis (Basto et al., 2006) do not require centrioles. By contrast,
centrioles are essential to drivemalemeiosis (Rebollo et al., 2004) and
nuclear division cycles in the early embryo (Stevens et al., 2007).
Controversial requirements for centriole/centrosome have been
reported during the asymmetric division of germline stem cells
(GSCs) in Drosophila gametogenesis (Gonzalez, 2008). Centrosomes
are retained essential players for male GSC self-renewal and
differentiation (Yamashita and Fuller, 2008). Mutations in cnn that
hamper astral microtubule assembly lead to a failure in anchoring of
the GSC spindle to the hub interface. This results in a stochastic
orientation of the spindle of the GSCs with consequent defects in their
maintenance and differentiation (Yamashita et al., 2003). By contrast,
centrosomes are not required for spindle orientation of GSCs in the
Drosophila ovary (Stevens et al., 2007).
It has been reported that spermatocyte cyst formation and
spermatid elongation occur in the almost complete absence of
centrioles in ﬂies mutant in the DSas-4 locus (Basto et al., 2006).
How, then, do GSCs properly execute asymmetric division in the
absence of centrioles? How can spermatogonial cells lacking cen-
trioles undergo successful mitosis? How can spermatids elongate in
the absence of basal bodies? To examine these aspects we investi-
gated centriole/centrosome requirements during the ﬁrst stages of
male gametogenesis of DSas-4 mutants. As well as conﬁrming the
essential role of centrioles/centrosomes for proper meiotic progres-
sion, we unexpectedly found that they are not required during the
asymmetric divisions of germline stem cells and during spermatogo-
nial mitoses. These results indicate that the absolute need for
centrioles can differ in the same cell type at different developmental
stages, and that the organization of the spindle in the absence of
centrosomes is not the same in all cell types.
Fig. 1. Average numbers of germline cyst cells scored at prophase of the ﬁrst meiosis
(spermatocytes); from prometaphase of meiosis I to telophase of meiosis II (meiosis);
during the spermatid stages, both round and elongating spermatids (spermatids). We
examined 37 testes from both control and DSas-4 mutant males. Only the whole cysts,
as deﬁned by an intact microtubule cyst wall, were scored. Spermatogones were not
considered here, since it was difﬁcult to obtain good cyst separation.
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Drosophila strains
OreR stockwas used as control. TheDSas-4mutant allelewas kindly
provided by Dr. Ana Rodrigues-Martins (Insitut Gulbenchian de
Ciencias, Oeiras, Portugal). Flies were raised on a standard Drosophila
medium in 200 ml plastic containers at 24 °C. Testes were dissected
from older pupae, pharate adults and just emerged males.
Antibodies
We used the following antibodies: chicken anti-Drosophila SAS-6
(DSAS-6, 1:1000; Rodrigues-Martins et al., 2007); rat anti-α-tubulin-
YL1/2 (1:50; Oxford Biosciences); mouse anti-β-tubulin (1:200,
Boehringer); mouse anti-γ-tubulin-GTU88 (1:100; Sigma-Aldrich);
rabbit anti-centrosomin (CNN, 1:400; Vaizel-Ohayon and Schejter,
1999); rabbit anti-Vasa (1:400; Lasko and Ashburner, 1988); rabbit
anti-SDP-2 (D-SPD2, 1:500; Rodrigues-Martins et al., 2007);. rabbit
anti-CP190 (1:400; Whitﬁeld et al., 1988); rabbit anti-Drosophila PLP
(D-PLP, 1:1500; Rodrigues-Martins et al., 2007); and rabbit anti-
pavarotti (Pav-KLP, 1:400; Adams et al., 1998). The secondary anti-
bodies used (1:800) Alexa Fluor 488 and 555 anti-mouse, anti-rabbit,
anti-rat and anti-chicken were obtained from Invitrogen.
Immunoﬂuorescence preparations
Testes were dissected in phosphate buffered saline (PBS) and
placed in a small drop of 5% glycerol in PBS on a glass slide. Testes
were squashed under a small cover glass and frozen in liquid nitrogen.
After removal of the coverslip the samples adhered to the slides were
immersed in methanol for 10 min at −20 °C.
For localization of microtubules and centriole/centrosomal com-
ponents, the samples were ﬁxed in methanol at −20 °C. Testes were
washed for 15 min in PBS and incubated for 1 h in PBS containing 0.1%
bovine serum albumin (PBS–BSA) to block non speciﬁc staining. The
samples were incubated overnight at 4 °C with the speciﬁc antisera
against CP190, CNN, D-SPD2, D-PLP, and DSAS-6 and thenwith anti-β-
tubulin antibody for 4–5 h at room temperature. After washing in
PBS–BSA the samples were incubated for 1 h at room temperature
with the appropriate secondary antibodies. To recognize germ cells,
testes were incubated with the anti-Vasa antibody. Samples were
then washed in PBS–BSA and incubated for 1 h in appropriate
secondary antibodies. For simultaneous localization of γ-tubulin and
α-tubulin testes were incubated in either GTU88 or YL1/2 antibodies
followed by anti-mouse or anti-rat secondary antibodies. In all cases
DNA was visualized with incubation of 3–4 min in Hoechst. Testes
were mounted in small drops of 90% glycerol in PBS.
Image acquisition
Imageswere takenbyusing anAxio Imager Z1 (Carl Zeiss)microscope
equippedwith an HBO 50-Wmercury lamp for epiﬂuorescence andwith
an AxioCam HR cooled charge-coupled camera (Carl Zeiss). Gray-scale
digital images were collected separately and then pseudocolored and
merged using Adobe Photoshop 7.0 software (Adobe Systems).
Transmission electron microscopy
Testes dissected in PBS from old pupae and newly emerged males
were ﬁxed overnight at 4 °C in 2.5% glutaraldehyde in PBS. After
rinsing for 30 min in PBS the material was post-ﬁxed in 1% osmium
tetroxide in PBS for 2 h. After extensive washing in distilled water the
samples were dehydrated in a graded series of alcohols, and then
embedded in an Epon–Araldite mixture and polymerized at 60 °C for
48 h. Ultrathin sections obtained with an LKB ultratome Nova werestained with uranyl acetate and lead citrate and observed with a
Philips CM 10 operating at 80 kV.
Results
The number of germcell cysts is basically normal in DSas-4 testis
Testes from newly eclosed DSas-4 males are ﬁlled with germline
cell cysts at various stages of spermatogenesis, including spermato-
gones, spermatocytes and elongating spermatids. However, in
contrast to wild-type males in which the seminal vesicles contain
many sperm, DSas-4 seminal vesicles are empty. This suggests that
elongating spermatids do not reach maturation in DSas-4 mutant
testes and accumulate within the length of the testis instead of being
collected in the seminal vesicles.
To directly compare the number of germline cysts contained in
control and mutant testes, and avoid errors from the sperm in the
seminal vesicles that might invalidate an exact count, we examined
testes from mid-pupae that do not have mature sperm. In scores of
spermatocyte stages and beyond, we did not ﬁnd relevant differences
between the total number of germline cyst cells in control (85±2.7;
n=34 testes) and mutant (81±2.9; n=29 testes) pupae.
Wide shots of testes from mid-pupae, however, revealed that the
distribution of germline cyst cells in the various stages of spermato-
genesis is slightly different in control andmutant testes. Control testes
contained several spermatocyte cysts through the ﬁrst and the second
meiotic divisions and spermatids at different elongation stages,
indicating ongoing spermatogenesis. By contrast, meiotic stages
were rarely encountered in testes from mutant mid-pupae, whereas
many 16-cell spermatocyte cysts and cysts containing 16 elongating
spermatids were present (Fig. 1). This indicates that primary sper-
matocytes differentiate directly in post-meiotic stages by overriding
the meiotic maturation process. This is also supported by the ﬁnding
of spermatid cysts with a reduced number of cells displaying several
nuclei, consistent with a meiotic division failure.
Centrosomes are randomly inherited during the asymmetric divisions of
the GSCs
Centrosomes are widely detectable in wild-type GSCs (Fig. 2a)
with centriole and centrosomemarkers such as DSAS-6, D-PLP, CP190,
Fig. 2. Detail of the testis tip in control (a) and DSas-4 mutant (b,c,d) pupae labeled with antibodies against D-SPD2 (a,b, red spots), γ-tubulin (c, red spots), D-PLP (d, red spots),
tubulin (green), Vasa (red, germ cells, in d); nuclei are stained blue with Hoechst. Single centrosomes are localized in both apically (arrows) and basally (arrowheads) in mutant
GSCs or in isolated primary spermatogones (small arrowheads); the asterisk marks the mid-body of a telophase Cyst Progenitor Cell (CPC) that divides in the absence of
centrosomes. (e) Centrosome position in DSas-4 male GSCs during interphase, with the percentage of cells that were observed for each indicated centrosome position. (f) Average
numbers of GSCs in stem cell niches of mid-pupae and newly emerged adults from wt and mutant males. Bar: 10 μm.
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GSCs (84%, n=342) (Fig. 2b). Where centrosomes are present (16% of
GSCs, n=65), they are mispositioned within the cell cytoplasm
(Fig. 2c). Since the mother centrosome should be anchored to the
hub–GSC interface by the astral microtubules it nucleates, we
expected to ﬁnd the unique centrosome in the apical region of the
cell. We also found GSCs without centrosomes whose immediate
daughters, primary spermatogonia, contained them (Figs. 2c,d). We
did ﬁnd GSCs with the centrosomes localized in the apical side of the
cell (7.4%; n=30), but we also observed centrosomes in the basal
region (5.9%; n=24), or lagging behind (1.9%; n=8). Only a few
germ cells (0.8%; n=3) had centrosome pairs (Fig. 2e). All DSas-4
centrioles can still recruit centrosomal material, like γ-tubulin
(Fig. 2c) and CNN (not shown).Proper spindle orientation in GSCs is achieved in the absence
of centrioles
If centrosomes are crucial to establish the polarity cues that ensure
stem cell maintenance and differentiation within the niche, we should
have found defects in DSas-4 GSC number, given their lack of
centrioles. Two opposite scenarios are possible: the disappearance
of GSCs due to failure of division in the absence of centrioles, or
conversely, an increased GSC number due to the improper orientation
of the anastral spindles that, as in cnn mutants, would lead to
symmetric division (Yamashita et al., 2003). However, by using
immunoﬂuorescence to localize Vasa protein and unambiguously
identify stem cells adjacent to the hub, we found that both control
(n=47) and mutant (n=43) pupal testes had a comparable number
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GSCs, while mutant pupal testes had 8.1±1.5 GSCs.
A slight difference was instead observed in GSC number in newly
emerged males (Fig. 2f). We determined that stem cell niches
contained an average of 8.3±1.2 GSCs in control testes (n=57),
whereas we counted an average of 6.7±1.3 GSCs in DSas-4 testes
(n=39).
Metaphase spindles in control testes were always positioned with
their longitudinal axis perpendicular to the hub (Fig. 2a). Unexpect-
edly, we also found that anastral spindles in DSas-4mutant testes are
usually positioned in the stem cell niche with their longitudinal axis
orthogonal to the hub interface (76%; n=39; Figs. 3a, b), whereas 24%
of them (n=12) appear slightly misoriented (Fig. 2d). Almost all GSC
telophase spindles are correctly oriented with respect to the hub
(Fig. 3c), and daughter cells are properly positioned toward the
periphery of the stem cell niche to undergo differentiation (Fig. 3d).
Spermatogonial mitoses do not require centrioles
Antibodies against centrioles and pericentriolar material strongly
stained the spindle poles in wild-type spermatogonial cysts through
the cell cycle (Figs. 4a–d). By contrast, most of the mutant sper-
matogonial cysts (94%; n=242) had no detectable centrioles or
centrosomal material, though they underwent prophase (Fig. 4e),
metaphase (Fig. 4f), anaphase (Fig. 4g) and telophase (Fig. 4h),
though they had anastral spindles. Only occasionally (6%; n=15) did
antibodies against pericentriolar material reveal a distinct staining at
the spindle poles of DSas-4 germ cells (Fig. 4f). Spermatogonial cystsFig. 3. Details of the apical region of DSas-4mutant mid-pupae testes stained with antibodie
to a prometaphase spindle with its longitudinal axis orthogonal toward the hub region. (b) A
Arrowhead indicates microtubule remnants of telophase spindles orthogonally oriented to th
spermatogonia, respectively. Bar: 10 μm.with unusual spindle microtubule architecture were also found
during prophase–prometaphase (Fig. 4e). These ﬁgures may repre-
sent intermediate stages in the assembly of a bipolar spindle by the
acentrosomal pathway. The increased frequency of these ﬁgures (12%
vs 1%) in mutant testes (n=53, spermatogonial cysts) in comparison
to controls (n=59, spermatogonial cysts) could mean that there are
delays in the assembly of the mitotic spindle in the absence of
functional centrosomes.
The execution of cytokinesis in Drosophila germ cells does not lead
to the complete separation of daughter cells, which remain connected
by cytoplasmic bridges, called ring canals (Hime et al., 1966). Ring
canals, that are transient entities formed by stabilization of the
contractile rings following cytokinesis, can be detected with anti-
bodies against the mitotic kinesin 6 protein encoded by pavarotti
(Pav-KLP). This protein is associated with the central region of the
spindle at telophase and is required for the correct organization of the
spindle during cytokinesis (Adams et al., 1998). Pav-KLP associates
with the ring canals which form at the sites of incomplete cytokinesis
in the germline cysts of both testes (Carmena et al., 1998) and ovaries
(Minestrini et al., 2002). Pav-KLP was associated with distinct ring
canals during the asymmetric division of the GSCs (Fig. 5a) and the
spermatogonial mitoses (Fig. 5b) in DSas-4 mutants. In addition to
ring canals, the antibody also strongly stained the central region of
telophase spindles (Fig. 5c). 15 ring canals were detected within the
cysts of primary spermatocytes (Fig. 5d), conﬁrming that the absence
of centrioles does not affect the normal progression of the spermato-
gonial mitoses: cysts of primary spermatocytes with odd cell numbers
were never found.s against tubulin (green), Vasa (red), and Hoechst counterstain (blue). (a) Arrow points
rrows point to an anastral metaphase spindle properly oriented to the hub surface. (c)
e hub region. (d) Arrows and arrowhead point to GSCs and their daughters and dividing
Fig. 4. Spermatogonial mitoses in control (a–d) and mutant (e–h) testes. Green, microtubules; red, D-SPD2; blue, DNA. (a,e) Prometaphase; (b,f) metaphase; (c,g) anaphase; (d,h)
telophase. Arrowheads point to D-SPD2 staining at the spindle poles of control (left hand insets) and to centrosome free spindle poles in mutant (right hand insets) germline cells.
Bar: 10 μm in main panels and 5 μm in insets.
431M.G. Riparbelli, G. Callaini / Developmental Biology 349 (2011) 427–439
Fig. 5. Germline mitoses in DSas-4mutant testes. Microtubules are green, Pav-KLP is red, and DNA is blue. (a) Detail of the stem cell niche; note the ring canals that mark asymmetric
division of GSCs (arrow) and symmetric division of primary spermatogonia (arrowhead). (b) Pav-KLP localization in spermatogonial cysts. (c) The spindle mid-body at telophase
(arrows) is strongly stained in spermatogonial cysts, together with ring canals among adjacent cells (arrowheads). (d) Detail of a cyst of primary spermatocytes with 15 ring canals.
Bar: 5 μm in a–c, 10 μm in d.
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We found only a few centrosomes randomly scattered within the
DSas-4 GSC cytoplasm, which points to duplication and/or growth
defects of the centrioles. To verify this hypothesis, we ﬁrst stained
mutant stem cell niches with antibodies against the centriolar protein
D-PLP. This antibody recognized single spots within the cytoplasm of
mutant GSCs (Fig. 2d), suggesting either that centrioles were unable
to duplicate or that procentrioles were too small to be identiﬁed by
immunoﬂuorescence. To distinguish between these possibilities and
to verify if GSCs contain bona ﬁde centrioles we performed an EM
analysis of mutant stem cell niches. Although it was very difﬁcult to
ﬁnd centrosomes in DSas-4GSCs by EM analysis, we had the chance to
examine eight of them. In two GSCs, mother and daughter centrioles
were localized in the apical (Fig. 6a) and subapical (Fig. 6b) sides of
the cell. Cross section revealed that the centrioles were formed by
nine peripheral triplets and a central tubule in a cartwheel ar-
rangement (insets, Figs. 6a,b). The other GSCs had only one centriole
(Figs. 6c,d). Procentrioles were apparently lacking in serial sections of
these cells (insets, Figs. 6c,d), conﬁrming that centriole duplication
had failed.
To test whether centrioles also had growth defects we looked at
centriole dynamics in spermatogonia and spermatocytes by staining
both control and mutant testes with antibodies against the centriolar
proteins D-PLP and DSAS-6. The centrioles duplicated during
spermatogonial mitoses in control testes, so that primary spermato-
cytes always contained two pairs of centrioles that elongated ten-fold
during the ﬁrst meiotic prophase (Fig. 7a). D-PLP mainly concentrated
at the basal region of the centriole (Fig. 7a′), whereas DSas-6 waspresent along the whole centriole body with somewhat higher
concentrations at both basal and distal regions (Fig. 7a″). This
localization is unexpected since SAS-6 is believed to provide the
building blocks of the cartwheel in both Drosophila (Gopalakrishnan
et al., 2010) and Chlamydomonas (Nakazawa et al., 2007). However, a
similar distribution has also been reported with a GFP–DSAS-6 fusion
protein (Rodrigues-Martins et al., 2007), suggesting that this protein
may play additional roles in the Drosophila centriole. We found that
95% of the mutant germ cells that displayed astral microtubule arrays
(n=162) contained one centriole (Fig. 7b). Only 5% (n=9) of them
had two centrioles; these could be positioned on the opposite side of
the nucleus or within the same focus of the astral microtubules. We
also found short centrioles close to longer ones (Fig. 7c). This
heterogeneity in size was never observed in controls, where centriole
elongation was synchronous. D-PLP staining was always present on
the rare DSas-4 centrioles (Figs. 7b′,c′). By contrast, DSAS-6 labeling
was often less than in the control counterpart (Figs. 7b″,c″). This
suggests that sometimes centrioles start to grow in DSas-4 mutant
germ cells, but then do not elongate properly.
We then did an EM analysis on primary spermatocytes to verify
eventual variations in centriole size. Centrosomes in young control
primary spermatocytes contained orthogonal centriole pairs of the
same length (Fig. 7d). Among the seven centrosomes we analyzed in
DSas-4 spermatocytes, ﬁve contained only one centriole that appeared
shorter than the same stage centrioles observed in control testes
(Fig. 7e), whereas two centrosomes contained a pair of misoriented
centrioles of different length (Fig. 7f). The shorter size of the centrioles
in the absence of DSAS-4 agrees with previous observations that over-
expression of CPAP, the human homologue of Sas-4, leads to centriole
Fig. 6. EM observations of DSas-4 GSCs with centrosomes containing a centriole pair (a,b) or a centriole alone (c,d). (c,d) are two consecutive sections of the same cell. Arrowheads
point to centrioles; inset represent magniﬁcations of the centrioles. Bar: 3 μm in a–d, 1 μm in insets.
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2009).
DSas-4 spermatocytes with missing centrioles have defective divisions
The majority of DSas-4 spermatocyte cysts did not contain
centrosomes and did not assemble meiotic spindles. However, at
the end of prophase, loose cytoplasmic arrays of microtubules were
evident around the nuclear region in some spermatocytes (Fig. 8a). In
control spermatocytes, two astral arrays of microtubules organized by
widely separated centrosomes (left hand inset, Fig. 8a) were observed
during late prophase. Short microtubule bundles assembled near the
condensed chromosomes in DSas-4mutants (right hand inset, Fig. 8a)
and became evident during the following prometaphase (Fig. 8b),
when bipolar spindles organized in control spermatocytes (inset,
Fig. 8b). Chromosomes were still scattered within the cytoplasm of
both wild-type and mutant prometaphase spermatocytes, but con-
gressed to the equatorial region of bipolar spindles during the
following metaphase in control spermatocytes (inset, Fig. 8c). In
DSas-4 mutants the chromosomes failed to congress properly and
bipolar spindles were not properly assembled during metaphase;instead they were composed of loose and wavy arrays of micro-
tubules, often spread at the poles (Fig. 8c). When present, the
centrosomes nucleated distinct asters that directed the polarity and
the organization of the cytoplasmic microtubules (Figs. 8a,b,c). Single
centrosomes assembled bipolar monastral spindles that were unable
to support proper chromosome movement (Figs. 8a,b,c).
In control testes at anaphase, the homologous chromosomes
segregated at the opposite poles of a bipolar spindle (inset, Fig. 8d).
In DSas-4 spermatocytes the homologous chromosomes moved away
from abnormal spindles formed bywavymicrotubule bundles (Fig. 8d,
arrows). Other mutant primary spermatocytes had one to three
bipolar anastral spindles that contained as many chromosome
complements (Fig. 8d, arrowheads). When one centrosome was
present at this stage, the spindle appeared focused at one pole,
whereas the opposite extremitywas splayed (right hand inset, Fig. 8d).
The few DSas-4 spermatocytes undergoing anaphase showed relevant
defects in the central spindle region, ranging from poorly formed to
displaced central structures (Fig. 8e) that presumably formed in
correspondence to the single bipolar spindles found in previous stages.
This suggests that each spindlewithin the same spermatocyte behaves
individually. Progression through late anaphase was characterized in
Fig. 7. Details of centrioles from control (left panel) and mutant (middle and right panels) primary spermatocytes stained with antibodies against D-PLP (a′,b,′c′) and DSAS-6 (a″,b″,c″).
(a,b,c) represent merged images. EM details of longitudinal sections of primary spermatocytes centrioles are reported in (d,e,f). Bar: 0.1 μm.
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primary mutant spermatocytes attempted to undergo cytokinesis and
assembled more or less distinct mid-bodies (Fig. 8f), like those found
in control spermatocytes (left hand inset, Fig. 8f). Although themutant
secondary spermatocytes frequently inherited unequal amount of
cytoplasm and different chromosome numbers, they nonetheless
formed a functional contractile ring where Pav-KLP localized (right
hand inset, Fig. 8f). We observed mid-bodies in either the presence or
absence of centrosomes. Thus, the formation of the cleavage furrow
and the execution of cytokinesis seem to be independent of the
presence of aster microtubules, but rather directly correlated to
spindle midzone position. However, in the absence of asters the cell
division program is dramatically affected and cytokinesis, albeit
irregular, does proceed to completion in a low proportion of the cells.
Elongation of the ﬂagellum is mediated by cytoplasmic microtubules
It is nowwell established that mutations in genes affectingmeiotic
progression do not prevent abnormal spermatocytes from entering
the differentiation program (White-Cooper, 2010). This is also the
case in DSas-4mutants, in which the failed meiotic divisions result in
spermatid cysts containing 16 or more cells. Control spermatid cysts
at the beginning of differentiation contained 64 small cells, charac-terized by a round nucleus and a distinct basal body that nucleated the
axoneme (Fig. 9a). Mutant spermatids were larger, lack centrioles and
had several micronuclei, inherited in the previous aberrant meiotic
divisions (Fig. 9b). In control spermatids the nuclei were aligned at
the opposite extremity from the tail during the elongation process
(Fig. 9c), whereas in DSas-4 the nuclei were scattered along the length
of the elongating spermatids, and unlike controls, they did not
condense to become needle-shaped (Fig. 9d). We never counted 64
germ cells in the mutant spermatid cysts. Since spermatid elongation
occurs at the same time the axoneme develops, it has been generally
assumed that the axoneme itself is critical for the process of spermatid
elongation. Thus, we did not expect to ﬁnd spermatid elongation in
the absence of centrioles. However, as previously reported by Basto
et al. (2006), we observed that DSas-4 spermatid cysts reached
consistent length, despite the lack of an axoneme. Sections through
elongating control spermatids showed that they were still connected
by cytoplasmic bridges, and two mitochondrial derivatives, clearly
different in size and shape, were present (Fig. 9e). Electron-dense
material accumulated in the major derivative next to the axoneme.
DSas-4 spermatids usually contained two to nine irregularly shaped
mitochondria in which condensation was highly defective: some
mitochondria were ﬁlled with a small cluster of dense material,
whereas others did not show appreciable signs of condensation or the
Fig. 8. Primary spermatocytes from DSas-4 (a–f) and wild-type (left hand insets) testes. Microtubules are green, D-SPD2 is red, and DNA is blue. (a) Prometaphase; short microtubule
bundles assembled close to the condensed chromosomes (right hand inset in a). (b) Late prometaphase; (c) metaphase. Monastral spindles are formed in the presence of single
centrosomes (arrows in a–c), whereas opposite centrosome pairs assemble bipolar spindles inwild-type (left hand insets in a–c).Wild-type homologous chromosomes separate on a
symmetric bipolar spindle (left hand inset, d), whereas the chromosomes of DSas-4 spermatocytes (d) move to the opposite poles of abnormal spindles (arrows) or lag behind the
equatorial region of anastral bipolar spindles (arrowheads); when single centrosomes are present monopolar spindles with a focused pole and an unfocused one are formed (right
hand inset in d). Mutant spermatocytes may assemble spindle midzone microtubules at anaphase in the absence of asters (arrows, e), but these structures are disjointed and
irregular, whereas in wild-type they appear distinct in the equatorial region (left hand inset in e). Mutant spermatocytes that attempt to divide (f) may form distinct mid-bodies like
wild-type spermatocytes (left hand inset, f) in both the presence (arrowheads, f) and absence (arrows, f) of centrosomes and recruit Pav-KLP (right hand inset f, arrowhead). Bar:
20 μm.
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spermatids contained organized sheaths of cytoplasmic microtubules
surrounding the mitochondria derivatives (Fig. 9g), many disorga-
nized sheaths of microtubules were scattered in the DSas-4 spermatid
cytoplasm (Fig. 9h). Groups of these microtubules were immersed in
an electron-dense matrix and had distinct lateral arms (left hand
inset, Fig. 9h) or were clustered together by distinct bridges (right
hand inset, Fig. 9h). The sheaths of cytoplasmic microtubules that
border the mitochondria in the control spermatids are retained to be
nucleated by the centrosomal material that surrounds the basal body(Callaini et al., 1999). However, the origins of the cytoplasmic
microtubules in elongating DSas-4 spermatids that lack centrioles
and cannot recruit centrosomal material to the basal region of their
nucleus remain to be elucidated.
Discussion
Stem cell proliferation in the Drosophila testis is tightly correlated
to unique asymmetric division mechanisms that give rise to two
unequal daughters, one of which retains stem cell identity and is able
Fig. 9. Spermatid elongation in control (a,c,e,g) and DSas-4 (b,d,f,h) testes. Microtubules are green, D-SPD2 is red, and nuclei are blue. Cysts of onion-stage and of elongating
spermatids in control (a,c) and mutant (b,d) testes. Wild-type spermatids contain distinct basal bodies (a, red spots) that lack in mutant spermatids. The nuclei form distinct apical
clusters at the apical end of wild-type elongating spermatids (arrows, c), whereas they are scattered along the length of mutant spermatids (arrowheads, d). Cross sections of
elongating spermatids in control (e) and mutant (f) newly eclosed males. Details of control (g) spermatids showing the axoneme, mitochondrial derivatives and cytoplasmic
microtubules (arrowheads). Cytoplasmic microtubules in mutant spermatids (h) were mostly arranged in clusters (arrows). Insets represent microtubule bundles showing lateral
arms (arrows) or cross bridges (arrowheads). Bar: 15 μm in a,b; 40 μm in c,d; 1.5 μm in e,f; 0.5 μm in g,h; and 0.2 μm in insets.
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differentiation. Spindle orientation is critical to establish these
different fates; the cell close to the hubmaintains stem cell properties,
whereas the cell displaced from the niche undergoes differentiation
(Fuller and Spradling, 2007).
Previous Drosophila stem cell research has indicated that a
stereotyped centrosome behavior, where the mother remains in the
cell that maintains stem cell identity while the daughter moves into
the forming gonioblast, is crucial in the asymmetric division process of
the GSCs (Yamashita et al., 2007, 2010). This preferential inheritance
was assumed to be due to the size of the microtubule aster the
centrosomes nucleate: the larger aster interacts with a speciﬁc region
close to the hub and maintains the mother centrosome close to the
apical side of the cell, whereas the smaller aster allows the daughter to
migrate, thus setting up the orientation of the forming spindle (Lin,
2008; Yamashita and Fuller, 2008).
Our work shows that, in DSas-4 mutants, GSCs divide asymmet-
rically without apparent defects in the absence of centrioles. We
found, indeed, that control and mutant testes have a comparable
number of germ cell cysts. Since the ability to produce differentiating
germ cells depends on the number of stem cells present within the
niche and the frequency with which they divide, these observations
suggest that the number of GSCs and their division rate is roughly
normal in testes from DSas-4 pupae. This unexpected conclusion
agrees with similar data from the analysis of DSas-4mutant germaria,
in which female GSCs divide asymmetrically in the absence of cen-
trosomes (Stevens et al., 2007). Although the role of the centrosome
in spindle positioning is retained to be a general feature of the
asymmetric division of stem cells, the absence of asymmetric division
defects and the randomization of centriole inheritance among stem
cell daughters indicate that spindle positioning may depend on
centrosome-independent mechanisms.
The asymmetric division of the male GSC does not require centrioles
Themaintenance of GSC identity in the absence of centrioles raises
the question of how anastral spindles can orient properly. Mutations
in cnn, which encodes an integral centrosomal protein, give rise to
anastral spindle poles that result in spindlemisorientation defects and
an excess of GSCs (Yamashita et al., 2003). Mutations in DSas-4
should, therefore, cause spindle misorientation and GSC overproli-
feration. However, we did not ﬁnd relevant defects in GSC main-
tenance or proliferation. We only observed that newly eclosedmutant
males have a slight lower number of GSCs than their pupal
counterpart. This mild difference could be due to difﬁculties in
maintaining stem cell identity with age in the absence of centrioles. It
has been demonstrated that ageing in Drosophila males leads to a
progressive decrease of GSCs (Wallenfang et al., 2006) due to a
reduced mitotic activity because of defects in spindle orientation
(Cheng et al., 2008).
A “telophase rescue”mechanism has been proposed to explain the
mild phenotypic defects observed in larval brains of some centrosome
mutants like cnn and asl that correct the proper spindle alignment
before the end of mitosis (Knoblich, 2008). However, both cnn and asl
mutants might have residual centrosomal function that could enable
the interaction with the cell cortex that is pivotal in the process of
spindle reorientation (Gonzalez, 2008). Consistent with this view, a
more dramatic phenotype of the larval brain, in which about 30% of
neuroblasts fail to divide properly, was observed in DSas-4 mutants
that completely lack centrosomes (Basto et al., 2006). However, the
majority of neuroblasts undergo asymmetric division and mutant
brains lack evident developmental defects and are normal in
appearance, suggesting that the Drosophila brain may represent a
developmental model with great possibilities to compensate cell
division defects. It has been suggested that maintaining the stereo-
typical orientation of the larval neuroblasts requires both astermicrotubule organization and centrosome-independent functions
that act in redundant pathways (Januschke and Gonzalez, 2010).
Anastral spindles are, indeed, observed to extend across the full length
of the cell, so that their poles may contact the cell cortex (Basto et al.,
2006). It could be that motor proteins needed to build anastral spindle
poles mediate the interaction with the cell cortex in the absence of
centrosomes, thus driving the correct spindle alignment. Accordingly,
it has been suggested that telophase rescue may be mediated by the
kinesin klc-73 in wild-type neuroblasts (Siegrist and Doe, 2005). A
spindle-independent cortical polarity-induced cleavage positioning
mechanism has recently been described to also explain Myosin
localization and cleavage furrow formation in the absence of astral
microtubules in DSas-4 mutants (Cabernard et al., 2010). Similar
mechanisms could also be working in the male stem cell niche to
maintain GSC identity in the absence of centrioles.
Proper spindle alignment and the correct cleavage plane do not
require centrioles in the female stem cell niche (Stevens et al., 2007).
Likely, this is because one of the spindle poles is linked to the apically
located spectrosome (Deng and Lin, 1997), the absence of which leads
to spindle orientation defects (Lin and Spradling, 1997). Moreover,
gap junctions between cap cells and GSCs in the Drosophila ovary are
also important to stem cell maintenance (Tazuke et al., 2002).
Accordingly, in the absence of the gap junction protein Zero
population growth (Zpg), germ cell differentiation fails (Gilboa
et al., 2003). Polarity cues may be provided in male GSCs by the
hub-stem cell zonula adherentes. Consistently, defects in the Adeno-
matous Polyposis Coli (APC) tumor suppressor protein that is
localized in this junction lead to abnormal spindle positioning of
dividing GSCs (Yamashita et al., 2003). Moreover, it has been
demonstrated that cell–cell adhesion mediated by E-Cadherin plays
a main role in orchestrating GSC orientation within the niche (Inaba
et al., 2010). These ﬁndings point to redundant mechanisms that
might compensate in male GSCs for the lack of centrosomes and astral
microtubules. However, randomized spindle orientation does result in
proper spindle orientation in a fraction of cells. Space/shape
constraints may also contribute to align spindles predominantly
along the correct axis. Thus the orientation of the division plane may
not only require astralmicrotubules, but could be alsomanaged by the
narrow route within the stem cell niche. Indeed, the spindles of the
primary spermatocytes that have more space available are randomly
oriented.
The continuous inheritance of the mother centrosome from the
GSCs has led to the “immortal centrosome” hypothesis, according to
which the apical centrosome remains next to the hub through further
asymmetric divisions (Morrison and Spradling, 2008). This hypoth-
esis, however, is not consistent with the observations that apical
centrosomes, when present, are not always retained in GSCs in both
male (present data) and female (Stevens et al., 2007) stem cell niches,
and that gonioblasts may contain centrosomes, despite the stem cells'
lack of them.
The cell cycle progression is normal during spermatogonial mitoses, but
it is abnormal during following meiosis
Although centrosomes play important roles in nucleating micro-
tubules and organizing bipolar mitotic spindles, mutants for DSas-4
develop from pupal stages to adulthood in the almost complete
absence of centrioles (Basto et al., 2006). However, embryos that
cannot support centriole replication arrest very early in development
suggest that centrioles are essential for early cleavage divisions
(Stevens et al., 2007). Somatic dividing cells of DSas-4 ﬂies can
successfully build functional spindles and divide when centrosome
function is compromised. Likely, this is because of a Ran-dependent
chromatin-induced spindle assembly pathway, which is masked by
the more dominant centrosome-induced pathway in normal cells
(Wadsworth and Khodjakov, 2004; O'Connell and Khodjakov, 2007).
Fig. 10.Diagram depicting early spermatogenesis in control and DSas-4mutants. During normal gametogenesis the GSCs divide asymmetrically, giving rise to one sister stem cell and
one gonioblast. The gonioblast undergoes four transient amplifying divisions, the spermatogonial mitoses, to form 16 primary spermatocytes. Primary spermatocytes enter meiosis,
producing a cyst of 32 secondary spermatocytes that divide again, forming 64 spermatids. The spermatids undergo synchronous elongation and differentiate in sperm cells. Though
lacking centrioles, DSas-4 GSCs assemble bipolar spindles that support asymmetric divisions. Spermatogonial mitoses, also, are properly executed in the absence of centrioles and
lead to the formation of 16 primary spermatocytes by means of functional anastral bipolar spindles. By contrast, primary spermatocytes assemble disorganized spindles that do not
support proper meiotic division and give rise to abnormally sized secondary spermatocytes. Spermatid elongation proceeds in the absence of basal bodies.
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collaborate to build functional spindles in Drosophila neuroblasts. The
microtubule distribution frequently observed before the onset of
metaphase in DSas-4 spermatogones is reminiscent of the early steps
of spindle assembly described in Drosophila neuroblasts, when the
acentrosomal pathway is uncovered following the mispositioning of
the centrosome pairs at prophase (Maiato et al., 2004). Likely, an
unconventional acentrosomal pathway, i.e. the formation of micro-
tubules in the vicinity of centromeres, can fully compensate for the
lack of centrioles in DSas-4mutant germ cells allowing proper spindle
formation and chromosome segregation during the spermatogonial
divisions.
Whereas all dividing spermatogones have symmetric functional
anastral bipolar spindles, only a small fraction of primary spermato-
cytes display bipolar arrays, the rest being cases in which either the
spindle is abnormal, there is more than one bipolar spindle per cell or
there is no spindle at all (Fig. 10). Chromosome segregation is also
signiﬁcantly affected. The open question is, therefore, why the
mechanism responsible for the high efﬁciency of the acentrosomal
pathway during the spermatogonial mitoses is unable to drive the
assembly of a functional spindle as the germ cells enter meiosis. The
main differences between spermatogonial and spermatocyte spindles
are the size of the spindle apparatus and the chromosome pairing at
mitosis and meiosis. Perhaps within the small spermatogones in the
absence of centrioles/centrosomes, the acentrosomal pathway is
adequate to drive the formation of functional bipolar spindles that
can properly support chromosome segregation and enable faithful
cytokinesis. However, in the case of the larger spermatocytes, the
asters may be essential to properly orient the spindle microtubules
and to drive cell division progression. Thus, anastral spindles do not
enable the proper alignment of the chromosomes, which instead
move asynchronously and segregate improperly. This agrees withobservations showing that bipolar anastral spindles can be formed by
acentrosomal independent mechanisms in Drosophila primary sper-
matocytes, when centrioles are kept close to the plasma membrane
away from the nuclear region following asp mutation or after
colcemid treatment (Rebollo et al., 2004). These spindles, however,
do not support proper chromosome movements and faithful
cytokinesis.
In summary, four main conclusions can be drawn from our
observations on DSas-4male gametogenesis: (a) Centriole function is
not required during the asymmetric divisions of GSCs; (b) Spermato-
gonial mitoses take place in the absence of centrioles; (c) Centrioles
are absolutely needed for meiotic progression; and (d) Cytoplasmic
microtubules, not the axonemal complex, drive spermatid elongation.
Our results point, therefore, to different requirements for centrioles
during the various stages of male gametogenesis in Drosophila.
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